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ABSTRACT
Due to its favourable properties, in particular, low permeability and swelling capacity, bentonite has been
favoured as an engineered-barrier and backfill material for the geological storage of radioactive waste. To
ensure its safe long-term performance it is important to understand any changes in these properties when the
material is subject to heat-emitting waste. As such, this study investigates the hydraulic response of
bentonite under multi-step thermal loading subject to a constant-volume boundary condition, to represent a
barrier system used in a crystalline or other hard-rock host rock. The experimental set up allows continuous
measurement of the hydraulic and mechanical responses during each phase of the thermal cycle. After the
initial hydration of the bentonite, the temperature was raised in 20°C increments from 20 to 80°C followed
by a final step to reach 120°C. Each temperature was held constant for at least 7–10 days to allow the
hydraulic transients to equilibrate. The data suggest that the permeability of bentonite appears to be sensitive
to changes in temperature which may extend beyond those explained by simple changes in water viscosity.
However, permeability may be boundary-condition dependent and this should be considered when
designing experiments or applying these results to other repository host rocks. Either way, the magnitude of
the change in permeability observed in this study is minor and its impact on the hydraulic performance of the
barrier is negligible.
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Introduction
IN the geological disposal of radioactive waste, heat
emission from high-level waste can lead to a
significant thermal gradient within the host-rock
formation and engineered barrier system (Cui et al.,
2009; François et al., 2009; Chen et al., 2011;
Monfared et al., 2012; Cui and Tang, 2013; Li,
2013). Bentonite has been proposed in most
repository designs as a barrier-system material,
due to its favourable characteristics, such as its low
permeability and large swelling capacity (Pusch,
2002;Wersin et al., 2007; Gens et al., 2013). Due to
the proximity of the engineered barrier to the waste
it is important to understand if and how exposure to
elevated temperature affects the barrier perform-
ance and hence its safety function. Exposure to
elevated temperatures affects the volumetric
response and its stress state (Romero et al., 2001;
Gens et al., 2013; Romero et al., 2013), which in
turn affects the hydraulic response of clays (Cho
et al., 1999). Due to their very low permeabilities,
clays can be considered in an undrained or nearly
undrained condition, which is important when
considering its short-term response (Horseman
et al., 1996). Villar and Lloret (2004) and Cho
et al. (1998) found that bentonite permeability
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increases slightly with temperature, which they
attribute to the decrease in water viscosity. Most
studies perform hydraulic testing after exposure to a
temperature which represents only one time point in
the thermal history of the sample. This study uses
continuous monitoring of hydraulic properties to
understand the behaviour of the bentonite during
heating and cooling, as well as at stable temperature
to delineate both transient and steady-state
hydraulic responses. Data from this study will aid
our understanding of bentonite performance during
the thermal phase of repository evolution.
Material and methods
Experimental set up
The experiment described here was carried out
using a custom-designed constant-volume cell
(Harrington and Horseman, 2003). The constant
volume radial flow (CVRF) consists of: (1) a thick-
walled stainless steel pressure vessel; (2) a fluid-
injection system; (3) an independent backpressure
system; (4) five total stress sensors to measure
radial and axial stress; (5) a pressure transducer; and
(6) a logging system. The pressure vessel (Fig. 1a,
b) comprises a stainless steel, dual-closure, tubular
vessel the end-closures of which are secured by 12
high-tensile cap screws that can also apply a small
pre-stress to the specimen if required. The position
of the stress sensors and pressure transducer are
shown in Fig. 1b,c. The pressure and flow rate of
test fluid is controlled using two ISCO Teledyne-
260, Series D pumps, operated by an ISCO pump
controller. These units have an RS323 serial port,
which allows volume, flow rate and pressure data
from each pump to be transmitted to a bespoke
logging system. Additional parameters (stress,
temperature and porewater pressure) are logged
simultaneously by the same system and the typical
acquisition rate is one scan every 2 min. All stress
and pore-pressure sensors were calibrated against
known laboratory standards byapplying incremental
steps in pressure, from atmospheric pressure to a
pre-determined maximum value. This was followed
by a descending history to quantify hysteresis. The
calibration steps were repeated for different temp-
erature values used during testing to allow for
apparatus and sensor compliance. These data were
used to develop a bi-quadratic calibration function
for each sensor.
As shown in Fig. 1d,e, the CVRF is placed inside
an oven (BINDER GmbH, Tuttlingen, Germany)
with the two pumps and controller located outside
the oven. This is to ensure that the pumps are not
exposed to adversely high temperatures and thereby
helps to minimize viscosity or volumetric effects on
the experiment.
FIG. 1. Constant-volume cell design (a–c) and experimental set-up (d–e).
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Sample preparation and properties
Testing was carried out on a pre-compacted sample
of MX-80 bentonite, which is the barrier material
chosen for most high-level repository concepts.
MX-80 bentonite is a fine-grained Na-bentonite
from Wyoming (USA) which contains ∼90%
montmorillonite. Blocks of pre-compacted bentonite
were manufactured by Clay Technology AB (Lund,
Sweden) by rapidly compacting bentonite granules
in a mould under a stress applied in one-direction
(Johannesson et al., 1995). It should be noted that
these blocks are specifically manufactured to yield a
large initial water saturation in order to minimize
rehydration times. In this paper, results are presented
from an experiment carried out on one cylindrical
test specimen (60 mm in diameter and 60 mm long)
sub-sampled from a larger bentonite block. Standard
geotechnical properties for the sample pre- and post-
test are shown in Table 1. The water content of the
specimen was determined by weighing it pre-test
and then oven-drying it post-test before weighing it
again. The void ratio, porosity and degree of
saturation are based on an average grain density for
the bentonite of 2.77 mg m–3.
Hydraulic testing under thermal loading
The sample was hydrated with de-ionized water
applied through both end-closure filters at an
applied pressure of 1.0 MPa. Volumetric flow
rates were controlled or monitored using a pair of
ISCO-260, Series D, syringe pumps operated from
TABLE 1. Geotechnical properties of bentonite before
and after the hydraulic experiment.
Geotechnical properties Pre-test Post-test
Saturation % 97 104
Moisture content 26.7 29.1
Bulk density kg/m3 1985 2014
Dry density 1560 1560
Porosity % 43.7 43.7
Void ratio 0.776 0.776
FIG. 2. Total stress evolution for test stages 1 to 3 for the bentonite at 20°C. In stage 1 water pressure of 1 MPa was
applied to both ends of the sample. In stages 2 and 3 waterpressure in the injection pump was increased to 3 MPa and
5 MPa, respectively.
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a single digital control unit. The position of each
pump piston was determined by an optically
encoded disc graduated in segments equivalent to
a change in volume of 16.6 nl. Movement of the
pump piston was controlled by a micro-processor
which monitored and adjusted continuously the rate
of rotation of the encoded disc using a DC-motor
connected to the piston assembly via a geared
worm drive. This allows each pump to operate in
either constant-pressure or constant-flow modes. A
programme written in LabVIEWTM elicited data
from the pump at pre-set time intervals.
A backpressure of 1 MPa was applied to the
sample at all times. Once the stress stabilized and
inflow was negligible, test stage 1, the sample was
considered to be hydrated and a pressure gradient
was applied across the sample by increasing the
injection pressure to 3, stage 2, and then 5 MPa,
stage 3. This pressure gradient was selected to yield
a measurable flow, in a sensible timeframe while
minimizing possible damage to the sample.While a
differential pressure of 4 MPamay appear relatively
large, the samples were compacted mechanically
(during fabrication) at a pressure of 37 MPa.
Therefore significant consolidation of the sample
due to the application of the hydraulic gradient
seems unlikely.
After the stresses stabilized at the end of stage 3
as shown in Fig. 2, the sample was subjected to a
stepped history of thermal loading. Temperature
increments of 20 to 80°C and back to 20°C
were imposed upon the sample. This temperature
cycle was repeated twice to examine any
potential change in bentonite behaviour. During
the third thermal cycle the temperature was
increased to 120°C, at which point heating was
stopped and the temperature decreased in a single
step back to 25°C. The test-stage settings are
shown in Table 2 and the duration of each
temperature exposure and related-flow response
are shown in Fig. 3.
Results
The response of hydraulic flow through the
bentonite for the duration of the experiment is
shown in Fig. 3: the flow changed rapidly after each
temperature step was applied. Flow settled to a new
steady state value within 14 h, however. Besides the
spikes associated with temperature steps, the data
show a fairly linear relationship between flow and
temperature. Using the continuouslymeasured flow
data, the hydraulic conductivity (K ) and intrinsic





(MPa) Average oven temperature (°C)
1 Hydration 1 1 20
2 Hydraulic testing 3 1 20
3 Hydraulic testing 5 1 20
4 Stepped heating 5 1 40
60
80
5 Stepped cooling 60
40
20
6 Stepped heating 40
60
80
7 Stepped cooling 60
40
25




9 One-step cooling 25
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FIG. 3. Average measured flow through bentonite with different thermal loadings.





conductivity, K (m/s) × 10–14 Error × 10–15
Intrinsic permeability, ki (m
2) × 10–21
uncorrected corrected
3 18 4.6 0.5 4.8 4.8
4 40 7.3 7.9 7.6 4.9
60 10.6 8.2 11.0 5.1
80 14.4 7.4 15.2 5.4
5 60 9.0 18.3 9.4 4.4
40 5.3 9.8 5.5 3.6
18 2.8 7.5 2.9 2.9
6 40 4.9 14.3 5.1 3.3
60 7.6 8.5 7.9 3.7
80 11.1 26.2 11.7 4.2
7 60 7.8 3.4 8.1 3.8
40 5.1 0.5 5.2 3.4
25 3.4 0.4 3.5 3.1
8 40 4.8 0.6 5.0 3.2
60 7.5 0.5 7.8 3.6
80 10.6 0.5 11.2 4.0
120 17.3 3.7 18.8 5.3
9 25 3.3 0.1 3.3 3.0
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permeability (ki) for each stable temperature phase






whereK is the hydraulic conductivity (m/s),Q is the
volumetric flow (m3/s), A is the cross-sectional area
of the sample (m2), dx is the length of the sample
(m) and dh is the pressure gradient across the
sample. From the hydraulic conductivity the
FIG. 4. (a) Evolution of intrinsic permeability (corrected for changes in water viscosity due to heating) during thermal
cycling. (b) Development of porewater pressure (measured at the mid-plane of the sample) during the initial thermal
cycle.
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intrinsic permeability, ki, can be calculated:
ki ¼ K hw
rwg
(2)
where ηw is the viscosity of water (Pa·s), ρw is the
density of water (kg/m3) and g is the acceleration
due to gravity (m/s2). When correcting the intrinsic
permeability for changes in water viscosity and
density it is important to remember that the values
for ηw and ρw are no longer constant.
The values for each stable temperature phase are
given in Table 3. The corrected values show the
intrinsic permeability corrected for a change in
water viscosity with temperature. When these
values are plotted against temperature, Fig. 4a,
several observations can be made. Significant
hysteresis was observed during the first thermal
loading cycle (stages 4–5). This may stem from
incomplete hydration during this phase of testing,
as observed by an apparent lag in pore-pressure
development during stages 1–4 (Fig. 4b). In
contrast to the stress data presented in Fig. 2, this
would suggest that measurement of stress alone
may be a poor proxy for the determination of
hydraulic equilibrium in bentonite. However the
cause of the ‘spikes’ in flow observed around days
64 and 67 remains unclear. Following stage 5, the
degree of hysteresis for successive thermal loads
reduces significantly as the sample tracks a
repeatable hysteresis loop. The underlying sensi-
tivity of permeability to changes in temperature can
be seen clearly within the data. Even though the
data are corrected for temperature-dependent
viscosity changes, permeability is observed to
increase six-fold between 20 and 120°C. While
this represents a significant change in permeability,
its impact on the hydraulic performance of the
barrier is negligible. It is worth noting that at the
end of each temperature cycle (heating + cooling,
stages 6–9) permeability returns to its original value
observed at the end of stage 5. This remains the case
even when temperature increased to 120°C. The
exact cause of the initial hysteresis during the first
thermal cycle, test stages 4–5, remains unclear but
may relate to time-dependent effects related to
progressive homogenization of the clay as
suggested by the mid-plane porewater pressure
response (Fig. 4b).
Discussion
Repository safety cases consider a much longer
timeframe (∼1000 y) for the initial heating phase of
the bentonite than that taken into account in this
study (Bucher and Müller-Vonmoos, 1989; Wersin
et al., 2007). However, recent work by Harrington
et al. (2014) on samples of bentonite from the
Canister Retrieval Test performed at the Äspö hard
rock laboratory (Sweden) showed that bentonite
permeability (tested at 20°C only) was unaffected
even after prolonged exposure (5 y) of the clay to
temperatures of 80°C. This observation combined
with those from the present study suggest that
significant degradation of the hydraulic perform-
ance of the barrier is unlikely up to temperatures of
80°C. However, the change in permeability of the
bentonite with increasing temperature goes beyond
that which can be explained by simple changes in
water viscosity, which suggests that other factors
may influence hydraulic behaviour during heating.
Indeed, Villar and Lloret (2004) suggested that
changes in the microfabric of the clay could explain
the additional increase in permeability and that
these structural changes may be reversible.
However, thermal contraction of the clay matrix
in the constant-volume cell used within this study
(combined with small-scale expansion of the steel
when heated) could result in an apparent increase in
permeability as the clay contracts away from the
vessel wall, i.e. resulting in an enhanced perme-
ability along the sample circumference. While this
result suggests that the permeability observed may
be sensitive to the test-boundary conditions
(i.e. geometry dependent), the apparatus used in
this study provides a good representation of the
likely behaviour of a repository sited in crystalline
or other hard-rock geology. If thermal contraction
of bentonite does occur, matrix permeability is
likely to decrease as temperature rises. However,
the increase in viscosity may offset some of these
changes. To explore these relationships additional
work is required to address the changes in volume
during thermal contraction and its impact on
permeability.
Conclusion
The permeability of bentonite appears to be
sensitive to changes in temperature which may
extend beyond those that can be explained by
simple changes in water viscosity. Increases in
permeability were observed during the course of
three thermal loading cycles which exhibited
similar hysteresis behaviour, with no permanent
alteration of permeability observed. While perme-
ability is sensitive to thermal load, and in part the
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test boundary conditions, its impact on the
hydraulic performance of the barrier is negligible.
As such, these results are of direct relevance to a
repository sited in crystalline or other hard rock
geology and represent a conservative estimate of
permeability change for use within a safety case.
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